NIR-to-visible and NIR-to-NIR upconversion in lanthanide doped nanocrystalline GdOF with trigonal structure by T. Passuello et al.
Optical Materials 33 (2011) 1500–1505Contents lists available at ScienceDirect
Optical Materials
journal homepage: www.elsevier .com/locate /optmatNIR-to-visible and NIR-to-NIR upconversion in lanthanide doped nanocrystalline
GdOF with trigonal structure
T. Passuello a, F. Piccinelli a, M. Pedroni a, S. Polizzi b, F. Mangiarini c, F. Vetrone d, M. Bettinelli a, A. Speghini a,*
a Laboratorio di Chimica dello Stato Solido, DB, Università di Verona and INSTM, UdR Verona, Ca’ Vignal, Strada Le Grazie 15, I-37134 Verona, Italy
bDipartimento di Scienze Molecolari e Nanosistemi, Università Ca’ Foscari Venezia and INSTM, UdR Venezia, Via Torino 155/b, 30172 Venezia–Mestre, Italy
cDepartment of Chemistry and Biochemistry, Concordia University, 7141 Sherbrooke Street West, Montreal, Canada QC H4B 1R6
d Institut National de la Recherche Scientifique – E´nergie, Matériaux et Télécommunications, Université du Québec, Varennes, Canada QC J3X 1S2
a r t i c l e i n f o a b s t r a c tArticle history:
Received 27 January 2011
Accepted 22 February 2011
Available online 26 March 2011
Keywords:
Lanthanide
Upconversion
Nanocrystalline materials0925-3467/$ - see front matter  2011 Elsevier B.V. A
doi:10.1016/j.optmat.2011.02.029
⇑ Corresponding author.
E-mail address: adolfo.speghini@univr.it (A. SpeghCodoped Er3+/Yb3+, Tm3+/Yb3+, Ho3+/Yb3+ and triply doped Er3+/Tm3+/Yb3+ gadolinium oxyfluoride nano-
particles were prepared in aqueous solution by a simple coprecipitation method and a suitable heat treat-
ment at 500 C. From the experimental X-Ray powder diffraction patterns, a Rietveld analysis was carried
out and it was determined that the nanoparticles are single phase trigonal GdOF. Electron microscopy
images show that the average particle size is approximately 25 nm, even though a certain degree of
agglomeration is evidenced. The spectroscopic properties of the lanthanide doped nanoparticles are
investigated in terms of emission spectra. For proper lanthanide concentrations, the nanoparticles show
visible upconversion upon excitation at 980 nm, making them useful as luminescent nanomaterials for
photonic applications.
 2011 Elsevier B.V. All rights reserved.1. Introduction film [15] have been recently studied. Moreover, cubic gadoliniumSignificant efforts have been undertaken in the recent past to
develop new nanostructured lanthanide doped luminescent mate-
rials for their possible use in cutting-edge photonic applications
[1,2]. In particular, these materials have been demonstrated to be
of paramount importance in light emitting diodes (LED and organic
LED) [3,4], solar energy converters [5,6] and as materials for bio-
medical applications, in particular in the field of optical imaging
[7,8]. Recent research activities have been devoted to investiga-
tions on new lanthanide doped nanocrystalline hosts showing
strong luminescence [9]. The preparation method of the materials
is also of great importance as it should be easy, fast and environ-
mentally friendly.
Lanthanide doped luminescent fluoride nanocrystalline materi-
als are currently being intensively investigated, due to their low
phonon energy cut off and in turn to their low probability of the
multiphonon deexcitation pathways [10,11]. Oxyfluorides have
been also studied as hosts that can easily accommodate lumines-
cent lanthanide ions as dopants. Few papers have appeared in the
literature reporting the synthesis and spectroscopic properties of
lanthanide doped based oxyfluorides. For instance, bulk samples
of Eu3+ or Tb3+ doped lanthanum, gadolinium and yttrium oxyfluo-
rides [12,13], thin films of Eu3+ doped LaOF oxyfluoride [14] and
Eu3+ doped gadolinium fluoride nanoparticles embedded in a silicall rights reserved.
ini).oxyfluoride nanoparticles doped with lanthanide ions have also
been prepared starting from trifluoroacetate precursors in high-
boiling solvents and their luminescence properties have been
investigated [16]. Very recently, a paper on the upconversion (UC)
properties of lanthanide doped Er3+/Tm3+/Yb3+ Gd4O3F6 nanoparti-
cles has been published [17]. Aside from these few cases, to the best
of our knowledge, no other papers have been appeared in the liter-
ature concerning nanocrystalline upconverting GdOF samples.
For these reasons, we found it interesting to prepare Er3+/Yb3+,
Ho3+/Yb3+, Tm3+/Yb3+ and Er3+/Tm3+/Yb3+ doped GdOF nanocrystal-
line samples with a trigonal structure and to investigate the struc-
tural and spectroscopic properties, in particular the upconversion
emission. The codoped nanocrystalline samples have been pre-
pared via a facile coprecipitation technique using water as the sol-
vent and inexpensive metal and fluorine precursors. The structural
features, such as lattice parameters and average particle size, have
been investigated using a Rietveld refinement while the morpho-
logical analysis has been carried out using Transmission Electron
Microscopy (TEM). Laser excited Stokes and UC luminescence of
the lanthanide doped materials have been measured and analyzed.2. Experiment
2.1. Synthesis
Lanthanide doped gadolinium oxyfluoride nanocrystalline sam-
ples of composition Gd0.89Ln0.01Yb0.1OF (Ln = Er, Ho and Tm) and
T. Passuello et al. / Optical Materials 33 (2011) 1500–1505 1501Gd(0.98x)Er0.01Tm0.01YbxOF (x = 0.01, 0.10) were prepared by a sim-
ple coprecipitation procedure as follows. Reagent grade metal
nitrates (Gd(NO3)3  6H2O, Aldrich, 99.999%, Er(NO3)3  6H2O, Al-
drich, 99.9%, Tm(NO3)3  6H2O, Aldrich, 99.999%, Ho(NO3)3  6H2O,
Aldrich, 99.999%, Yb(NO3)3  6H2O, Aldrich, 99.999%) and NH4F (Al-
drich, 99.9%) were used as starting reagents. 0.886 mmol of gado-
linium nitrate were dissolved in 25 ml of water together with a
stoichiometric amount of the other metal nitrates. A proper
amount of an aqueous solution of ammonium fluoride 3.98 mM
was then slowly mixed to the metal nitrate one, under stirring,
in order to maintain a 1:1 metal-to-fluoride molar ratio. The pH
of the solution was then adjusted to 10 by adding drops of 1.0 M
NaOH solution and the resulting solution was then heat treated
at 80 C for 2 h under stirring. The precipitates were filtered, thor-
oughly rinsed with copious amounts of deionized water in order to
remove the residues of the nitrate and ammonium ions. Subse-
quently, the powders were dried at 90 C overnight and then heat
treated in air at 500 C for 5 h.2.2. X-Ray powder diffraction
X-Ray powder diffraction (XRPD) patterns were measured
with a Thermo ARL X´TRA powder diffractometer, operating inFig. 1. X-Ray powder diffraction patterns for the Tm3+/Yb3+ doped GdOF sample:
measured (black line) and calculated by a Rietveld refinement (blue line). Lower
trace: residuals between the measured and calculated patterns. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
Fig. 2. Representative examples of TEM and HRTEM images of the GdOF nBragg–Brentano geometry, equipped with a Cu-anode X-ray source
(Ka, k= 1.5418 Å) and using a Peltier Si(Li) cooled solid state detec-
tor. The spectra were collected with a scan rate of 0.003 /s, time of
exposure 9.0 s/step and 2h range of 24–90. The phase identifica-
tion was performed with the PDF-4+2008 database provided by the
International Centre for Diffraction Data (ICDD). The powder sam-
ples were ground in a mortar and then deposited in a low-back-
ground sample stage for the XRPD pattern collection.
2.3. Transmission Electron Microscopy
Transmission Electron Microscopy (TEM) and high resolution
TEM (HRTEM) images were taken with a JEOL 3010 high resolution
electron microscope (0.17 nm point-to-point), operating at 300 kV,
equipped with a Gatan slow-scan CCD camera (model 794) and an
Oxford Instrument EDS microanalysis detector (Model 6636). The
powder was dispersed in a toluene solution and deposited on a
holey carbon film.
2.4. Luminescence
Luminescence spectra were measured using a diode laser at
980 nm as the source (Coherent 6-pin fiber-coupled F6 series
980 nm laser diode), coupled to a 100 lm (core) fiber or at
488 nm using an Argon laser (Coherent Sabre Innova). Emission
radiation was detected in both cases by a thermoelectrically-
cooled Hamamatsu R943-02 photomultiplier tube. The signal was
processed with a SR Standard Research Systems Preamplifier and
recorded using the Standard SR465 software data acquisition/ana-
lyzer system.
3. Results and discussion
3.1. Structural and morphological characterization
The XRPD powder patterns of all the synthesized compounds
clearly show the presence of a single trigonal crystal phase with
space group R-3m (space group no. 166) according with the refer-
ence card no. 00-050-0569 of the PDF-4+2008 database. A Rietveld
refinement [18,19] exploiting the trigonal structural model pro-
posed by Hölsa et al. [20] for SmOF, was carried out on the powder
pattern for the Tm3+/Yb3+ codoped oxyfluoride sample (see Fig. 1).
In this compound, of GdOF composition, all the ions
(Gd3+, O2 and F) occupy the same number of symmetrically
equivalent positions with the same C3v site symmetry. In addition,
the cell lattice parameters and the average crystallite size wereanoparticles. The lattice planes refers to the (1 0 2) Miller indexes.
1502 T. Passuello et al. / Optical Materials 33 (2011) 1500–1505calculated. In particular, the average crystallite size resulted to be
25(1) nm, the cell parameters a = 3.860(1) Å, c = 19.154(3) Å, and
the cell volume is 247.15(1) Å3. In comparison with the cell volume
of undoped GdOF (249.11 Å3, reference card n. 00-050-0569 of the
PDF-4+2008 database) a slight contraction of the unit cell is ob-
served, due to the smaller ionic radius of the dopant ions (Yb3+, io-
nic radius of 1.12 Å and Tm3+, ionic radius of 1.18 Å, in eight-fold
coordination [21]) substituting for the larger Gd3+ ion (ionic radius
1.20 Å in eight-fold coordination [21]).
TEM and HRTEM images (see Fig. 2) show that the nanoparticles
have a roundish shape and an average size around 25 nm, in agree-
ment with the results of the Rietveld analysis of the XRPD patterns.Fig. 3. Room temperature emission spectrum for the Er3+/Yb3+ (1/10 molar ratio) codope
Transition assignments: (i): (2H11/2, 4S3/2)? 4I15/2; (ii): 4F9/2? 4I15/2.
Fig. 4. Room temperature emission spectra for the Ho3+/Yb3+ (1/10 molar ratio) codope
Transition assignments: (i): 5F3? 5I8; (ii) (5S2, 5F4,)? 5I8; (iii): 5F5? 5I8; (iv) (5S2, 5F4,)?A certain degree of aggregation of the nanoparticles can be noted
from the TEM images.
3.2. Luminescence properties
The Stokes and upconversion spectra of the Er3+/Yb3+ GdOF cod-
oped sample, shown in Fig. 3, highlight the characteristic emission
bands due to 4f–4f transitions of the Er3+ ions. The Stokes spectrum
has been measured upon laser excitation at 488.0 nm, which di-
rectly populates the 4F7/2 of the Er3+ ions. As a consequence, the
2H11/2 and 4S3/2 levels are populated by non-radiative multiphonon
relaxation (MPR) and emissions from these levels are observed ind nanocrystalline GdOF sample upon (a) 488.0 nm and (b) 980 nm laser excitation.
d nanocrystalline GdOF sample upon (a) 457.5 nm and (b) 980 nm laser excitation.
5I7.
Fig. 5. Room temperature emission spectra for the Tm3+/Yb3+ (1/10 molar ratio) codoped nanocrystalline GdOF sample upon 980 nm laser excitation. Transition assignments:
(i): 1G4? 3H6; (ii): 1G4? 3F4; (iii) 1G4? 3H5, 3H4? 3H6.
Fig. 6. Room temperature upconversion spectrum for the (a) 1/1/10 and (b) 1/1/1
molar ratio Er3+/Tm3+/Yb3 nanocrystalline codoped GdOF samples upon 980 nm
laser excitation. Transition assignments: (i): 1G4? 3H6 (Tm3+); (ii) (2H11/2, 4S3/
2)? 4I15/2 (Er3+); (iii): 1G4? 3F4 (Tm3+), 4F9/2? 4I15/2 (Er3+); (iv) 1G4? 3H5 (Tm3+),
3H4? 3H6 (Tm3+).
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the next low lying excited 4F9/2 level is in turn populated by MPR
processes starting from the 4S3/2 level, and it gives rise to emission
in the red region (4F9/2? 4I15/2 transition, 640–680 nm range). The
2H11/2? 4I15/2 emission bands (observed in the 510–540 nm range)
show higher intensity than the 4S3/2? 4I15/2 ones (observed in the
540–570 nm range) upon 980 nm laser excitation with respect to
488 nm. Since the 2H11/2 and 4S3/2 levels are separated by a rela-
tively low energy gap (about 750 cm1) and are in thermal equilib-
rium, this behavior could be explained by the presence of a local
heating of the sample, under 980 nm NIR excitation. This heating
will induce a population increase of the 2H11/2 higher lying level
and therefore a stronger emission intensity. This behavior is
well-known and it was already observed for other Yb3+/Er3+ doped
nanocrystalline samples [22–24].
The Stark level structure of the emission transitions is clearly
evident, indicating that inhomogeneous broadening is not very
important in determining the width of the emission bands. This
behavior points to a quite ordered environment around the lantha-
nide ions, similar to that found for Er3+ doped sesquioxides, such as
Y2O3, Lu2O3 and Gd2O3 [25–27] or garnets (i.e. lutetium gallium
garnet [28]). On the other hand, this behavior is different from that
observed for a Er3+/Tm3+/Yb3+ doped gadolinium fluoride nanopar-
ticles of different composition (Gd4O3F6, of tetragonal crystal
phase), for which very broad emission bands are observed [17].
Therefore, in this latter case, a much higher amount of local disor-
der is present around the dopant lanthanide ions with respect to
the present GdOF samples. The UC spectrum observed upon
980 nm laser excitation consists of two distinct green and red
emission bands similar to those observed in the Stokes spectrum
(see Fig. 3). The yellowish emission (see the CIE coordinates, de-
scribed below) can be easily seen by the naked eye, indicating that
quite efficient UC emission has been achieved in the present mate-
rial. Since the Yb3+ concentration is relatively high (10 mol% with
respect to the Gd3+ ions), the UC mechanism can be explained by
an energy transfer mechanism (ETU) [29], shown schematically
in Fig. 3 (inset).
Upon 457.5 nm excitation, Stokes emission bands due to 4f–4f
transitions of Ho3+ ions are observed for the Ho3+/Yb3+ doped GdOF
nanocrystalline sample, as shown in Fig. 4. A dominant greenemission around 550 nm is assigned to transitions from the
(5F4, 5S2) thermalized levels to the 5I8 ground state. Much weaker
emissions are observed in the red region around 650 nm, due to
the 5F5? 5I8 transition and between 730 and 780 nm, due to the
(5F4, 5S2)? 5I7 transition. A weak emission is also observed in the
480–500 nm region, assigned to the 5F3? 5I8 transition. The emis-
sion spectrum is similar to that observed for a Ho3+ doped nano-
crystalline lutetium gallium garnet sample prepared by a
propellant synthesis [28]. As mentioned for the Er3+/Yb3+ sample,
an ETU mechanism is very likely to be present, as schematically
shown in Fig. 4 (inset). To the best of our knowledge, this is the first
time that UC of Ho3+/Yb3+ doped lanthanide based oxyfluorides is
reported. Some recent papers reported on the UC of Ho3+/Yb3+
doped sesquioxide nanoparticles. In particular, Glaspell et al. [30]
observed a green UC for Ho3+/Yb3+ doped monoclinic Y2O3 nano-
particles prepared by a vapor phase synthesis (of Y1.88Ho0.02Y-
b0.10O2 composition). Moreover, very recently, Yang et al.
reported an investigation on the spectroscopic properties of a
Ho3+/Yb3+ doped cubic Lu2O3 nanoparticles and they also observed
1504 T. Passuello et al. / Optical Materials 33 (2011) 1500–1505a green dominant contribution for the UC [31]. The behavior found
for the sesquioxides is different than for the present materials for
which an almost white emission is observed for the Ho3+/Yb3+
doped sample (see CIE coordinates, described below). This behav-
ior is due to a higher red to green emission ratio for the materials
under investigation, with respect to the sesquioxide nanocrystal-
line samples. A possible explanation of this behavior could be
found by a detailed study of the evolution of the excited state pop-
ulations involving the (5F4, 5S2) and 5F5 levels of the Ho3+ ions
(from which the green and red emission originate), which is be-
yond the scope of this paper.
The room temperature UC luminescence spectrum of the Tm3+/
Yb3+ doped GdOF sample, shown in Fig. 5, was obtained uponFig. 7. Schematic representation of the upconversion processes for Tm3+/Er3+/Yb3+
systems.
Fig. 8. CIE coordinates of the upconversion emissions, upon 980 nm diode laser excitatio
X, open cross: Er3+/Yb3+ (1/10 molar ratio) sample; h, open square: Ho3+/Yb3+ (1/10 mo
Er3+/Tm3+/Yb3+ (1/1/1) molar ratio sample; D, open triangle: Er3+/Tm3+/Yb3+ (1/1/10) mo980 nm laser excitation. It is interesting to note that the spectrum
is dominated by a strong NIR luminescence, around 800 nm, attrib-
uted to the overlap of 1G4? 3H5 and 3H4? 3H6 transitions of the
Tm3+ ions. Much weaker emission is observed in the blue–green re-
gion, around 485 nm, which can be assigned to the 1G4? 3H6 tran-
sition of the Tm3+ ions. Moreover, very weak emission in the 620–
700 nm range is due to the 1G4? 3F4 transition of the Tm3+ ions. A
strong enhancement of the NIR UC emission around 800 nm, with
respect to the visible one, upon 980 nm laser excitation, has been
also observed for Tm3+/Yb3+ doped nanocrystalline fluorides, such
as NaYF4 [32,33] and GdF3 [34]. In Fig. 5 (inset) a schematic repre-
sentation of the expected upconversion processes populating the
1G4 level of the Tm3+ ions upon excitation at 980 nm is proposed.
The emission spectra for the prepared nanocrystalline GdOF
samples codoped with Er3+/Tm3+/Yb3+ (1/1/1 and 1/1/10 molar ra-
tios) were measured upon 980 nm radiation laser excitation. The
two emission spectra, shown in Fig. 6, are similar, and several
bands due to both Er3+ and Tm3+ ions are visible. For the 1/1/10
doped sample the red emission (around 650 nm), mainly due to
the 4F9/2? 4I15/2 transition of the Er3+ ions, is stronger than the
green one. However, the NIR emission at 800 nm, due to both
the 1G4? 3H5 and 3H4? 3H6 transitions of the Tm3+ ions, is the
strongest band of the spectrum. We point out that the bands
clearly show the Stark structure and therefore they are poorly af-
fected by inhomogeneous broadening, due a low amount of local
disorder around the lanthanide ions, as already underlined for the
doubly doped samples (see above). The observed UC spectra are
similar than those observed for a nanocrystalline lutetium gal-
lium garnet sample doped with Er3+/Tm3+/Yb3+ [35]. In Fig. 7 a
schematic representation of the UC processes is shown. For the
1/1/10 sample, for the reasons mentioned for the 1/10 samples,
since the Yb3+ concentration is relatively high with respect to
both the Er3+ and Tm3+ ones, it is reasonable to state that the
most probable UC process is via energy transfer (ET) from the
Yb3+ ions to the Er3+ and Tm3+ ions, as shown in Fig. 7. Uponn, for Er3+, Tm3+, Ho3+ and Yb3+ differently doped GdOF nanocrystalline samples. (a)
lar ratio) sample; e, diamond, Tm3+/Yb3+ (1/10 molar ratio) sample; O, open circle:
lar ratio sample.
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energy transfer, the excited states of both the Er3+ and Tm3+ ions
are populated. Briefly, the Er3+ ion is excited to the 4I11/2 level and
subsequently to the 4F7/2 level. By MPR relaxation the 2H11/2, 4S3/2
and 4F9/2 levels are populated, and emission to lower lying excited
levels occur (see Fig. 6). Furthermore, after the initial Yb3+? Tm3+
energy transfer process, the Tm3+ ion is excited from the 3H6
ground state to the 3H5 level and then it relaxes by MPR pro-
cesses to the 3F4 level. A second Yb3+? Tm3+ ET process popu-
lates the 3F2 level of the Tm3+ ion, which subsequently decays
to the 3H4 one through non-radiative processes. The 3H4 level
then radiatively decays to the 3H6 ground state emitting 800 nm
photons. A third Yb3+? Tm3+ (ET) process can also excite the
Tm3+ ion from the 3H4 to the 1G4 level, which decays to lower ly-
ing states, generating emissions in the visible (at 480 and
650 nm) and NIR (around 800 nm) regions (see Fig. 6). In the 1/
1/1 triply doped sample, the Yb3+ ions have a much lower con-
centration (1 mol% as for the Er3+ and Tm3+ ions) and therefore
an excited state absorption (ESA) UC mechanism could be also
present, contributing to the UC emission [36].
An investigation on the relative contribution of the ETU and ESA
processes could be clarified by a detailed study of the excited state
dynamics, which lies beyond the scope of this paper.
A CIE (Commission Internationale de l’éclairage) analysis [37]
has been carried out for all the prepared nanocrystalline samples.
The (x, y) CIE coordinates have been calculated from the UC spectra,
which were corrected for the detector response, multiplying the
spectrum by each of the three color matching functions, after a
proper normalization. The CIE coordinates are: (0.51, 0.47),
(0.34, 0.37) and (0.12, 0.13) for the Er3+/Yb3+, Ho3+/Yb3+ and
Tm3+/Yb3+ codoped samples, while are (0.41, 0.57) and
(0.47, 0.44) for the 1/1/1 and 1/1/10 Er3+/Tm3+/Yb3+ triply doped
samples, respectively, and are shown in Fig. 8. It can be noted that
the CIE coordinates for the codoped Ho3+/Yb3+ sample fall in the
white region of the diagram, while the 1/1/10 triply doped Er3+/
Tm3+/Yb3+ sample lies at the border between the white and the yel-
low region of the diagram. Differently, the CIE coordinates for the
Tm3+/Yb3+ and the 1/1/1 Er3+/Tm3+/Yb3+doped samples fall in the
blue and yellow–green regions, respectively. It is therefore evident
that a judicious choice of dopant lanthanide combination and mo-
lar ratios for the present GdOF nanocrystalline samples, permit to
tune the color of the UC emission across the visible range, and even
concentrate all the UC emission in the NIR range, as desired.
4. Conclusions
Nanocrystalline gadolinium fluoride samples codoped with
Er3+/Yb3+, Tm3+/Yb3+, Ho3+/Yb3+ and triply doped with Er3+/Tm3+/
Yb3+ ions in several molar ratios have been prepared by a simple
coprecipitation technique. A Rietveld refinement of the XRPD pat-
terns revealed that all the samples are single phase with trigonal
structure and GdOF stoichiometry, pointing out that only one reg-
ular site for the lanthanide ions is present in the lattice structure. It
must be underlined that the Tm3+/Yb3+ doped sample shows a
strong NIR-to-NIR upconversion in the 800 nm region upon
980 nm laser excitation. Moreover, we demonstrated that the pres-
ent GdOF nanocrystalline hosts show UC emission of different col-
ors and, with a proper choice of dopant lanthanide combination
and molar ratios, this emission can be tuned across the visiblerange, and even concentrate all the UC emission in the NIR range,
as desired, as evidenced by the CIE color coordinates of the differ-
ently doped GdOF nanocrystalline samples. As a conclusion, these
materials are promising candidates that could be considered as
NIR-to-visible and NIR-to-NIR upconverters, for instance in bio-
medical applications.
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